We have recently demonstrated that embryonic E16 hippocampal neurons grown in cultures are unable to form fast synaptic connections unless treated with BDNF or NT-3. This experimental system offers an opportunity to de®ne the roles of neurotrophins in processes leading to formation of functional synaptic connections. We have used ultrastructural and electrophysiological methods to explore the cellular locations underlying neurotrophin action on synaptic maturation. The rate of spontaneous miniature excitatory postsynaptic currents (mEPSCs) evoked by hyperosmotic stimulation was 7±16-fold higher in neurotrophin-treated cells than in controls. In addition, the potent neurotransmitter-releasing drug a-latrotoxin was virtually ineffective in the control cells while it stimulated synaptic events in neurotrophin-treated cells. Likewise, the membrane-bound dye FM1-43 was taken up by terminals in neurotrophin-treated cultures ®ve-fold more than in controls. Both the total number and the number of docked synaptic vesicles were increased by neurotrophin treatment. Activation of synaptic responses by neurotrophins occurred even when postsynaptic glutamate receptors and action potential discharges were pharmacologically blocked. These results are consistent with a presynaptic locus of action of neurotrophins to increase synaptic vesicle density which is critical for rapid synaptic transmission. They also suggest that neurotrophins can activate synapses in the absence of pre-and postsynaptic neuronal activity.
Introduction
The neurotrophins, including nerve growth factor (NGF), brainderived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) were initially characterized for their ability to support survival and differentiation of peripheral and central neurons (Levi-Montalcini, 1987; Snider, 1994; Reichardt & Farinas, 1997) . A large body of in vitro and in vivo work on neuromuscular and brain synapses has presented evidence that these proteins acutely regulate basal ongoing synaptic transmission and synaptic plasticity (Thoenen, 1995; McAllister et al., 1999; Schuman, 1999) . In addition, recent studies on hippocampal neurons in culture and on the hippocampus of mutant mice lacking the TrkB and TrkC neurotrophin receptors support a developmental role for neurotrophins during synapse formation (Martinez et al., 1998; VicarioAbejon et al., 1998) .
Previous work shows that neurotrophins can rapidly modulate ongoing synaptic transmission by presynaptic as well as postsynaptic mechanisms (Lohof et al., 1993; Lebmann et al., 1994; Levine et al., 1995; Li et al., 1998; reviewed in Schuman, 1999) . These observations correlate well with a ®rmly established retrograde (LeviMontalcini, 1987 ) and a recently described anterograde transport of neurotrophins (Altar et al., 1997; Fawcett et al., 1998) . The expression of TrkB and TrkC in both axonal and dendritic compartments of hippocampal pyramidal neurons also supports the pre-and postsynaptic actions of these factors (Kryl et al., 1999) . Analysis of TrkB, TrkC (Martõ Ânez et al., 1998) and BDNF (Pozzo-Miller et al., 1999) knockout mice revealed that neurotrophin signalling can regulate the number of synaptic contacts and synaptic vesicles in the hippocampus.
To understand the mechanisms of neurotrophin actions we established a developmental system where functional connections between cells are not made except in the presence of the neurotrophins BDNF and NT-3 (Vicario- Abejon et al., 1998) . In this model, embryonic day 16 hippocampus is dissected and dissociated neurons grown in culture. These neurons are predominantly (95%) excitatory and they differentiate to form a network with morphologically de®ned synapses but where evoked synaptic responses only occur after exposure to neurotrophins. Over a 3-day period the neurotrophins BDNF and NT-3 promote synaptic connectivity without causing a major morphological change in the excitatory cells.
We now further explore this effect of neurotrophins and suggest that the induction of functional synapses does not require postsynaptic activation of glutamate receptors or action potential discharges but rather acts on presynaptic mechanisms that control the number of synaptic vesicles and thus the probability of synaptic vesicle release.
Materials and methods

Hippocampal cultures
Reagents for tissue culture were purchased from GIBCO/BRL (Grand Island, NY, USA), Sigma (St. Louis, MO, USA) and Intergen (Purchase, NY, USA). BDNF and NT-3 were from PeproTech (Rocky Hill, NJ, USA). Tetrodotoxin (TTX) was from Calbiochem (La Jolla, CA, USA). DL-2-amino-5-phosphonovaleric (APV) was from Sigma. 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) was from Alexis (San Diego, CA, USA). Nifedipine was from RBI (Natick, MA, USA). Fetal bovine serum (FBS) was inactivated for 30 min at 56°C prior to use.
Neuronal cultures were prepared from rat embryonic hippocampus on the 16th day of gestation (E16; the day when a copulation plug was found was considered day E1). Brie¯y, cells suspended in DMEM/F12N2/10% FBS were plated on a monolayer of astrocytes at a density of 70 000 cells/cm 2 and incubated at 37°C in 5% CO 2 atmosphere. The growth medium was refreshed every 4±7 days by exchanging a third part of the medium with DMEMN2/10% FBS. Neurotrophins were added every 2 days for the length of the culture, 2±3 weeks (chronic treatment) or from day 11 to day 14 (short-term treatment) at 20 ng/mL. TTX (1 or 2 mM), APV (50 or 100 mM), CNQX (2 or 5 mM) and nifedipine (2 or 5 mM) were added every day from day 11 to day 14. TTX and APV were dissolved in water. CNQX and nifedipine were dissolved in dimethylsulphoxide (DMSO). Short-term addition of these drugs did not affect the viability of the cultures (data not shown). Some experiments were conducted with the cells exposed to neurotrophins and drugs in serum-free medium. In these experiments, serum was removed at day 10, neurotrophins and drugs added at day 11 and cells were recorded and ®xed at day 14, as in other cultures. Type I astrocytes were prepared as described (Vicario-Abejon et al., 1998) Transmission electron microscopy For transmission electron microscopy (TEM), control, BDNF-or NT-3-treated cultures were grown in four-well plastic chambers (NalgeNunc, Naperville, IL, USA) for two weeks. Culture medium was removed and cells were washed twice in 0.12 M phosphate buffer pH 7.2 (PB) and ®xed in 3% paraformaldehyde and 2% glutaraldehyde in 0.12 M PB for 30 min at room temperature. After two washes of 5 min each, cells were post®xed with 1% osmium tetroxide in 0.12 M PB for 45 min at room temperature. They were then washed three times in 0.1 M PB over 15 min and dehydrated in an ascending concentration of ethanol (50, 70, 80 and 96%, two changes of 3 min each for all concentrations, and 100%, three changes of 5 min each). Cells were then embedded in Poly/BED 812 resin (Polyscience, Inc., Warrington, PA, USA). Ultrathin (75±80 nm) sections were cut parallel to the plane of section of the cells, using an Ultracut-S ultramicrotome. The ultrathin sections were counterstained with 1% uranyl acetate and 0.3% lead citrate and studied with a JEOL JEM-100CX II transmission electron microscope at 60 kV.
Morphometric evaluation of the effects of BDNF and NT-3 on synaptic endings
We analysed the effect of BDNF and NT-3 on cultured hippocampal synapses by measuring different presynaptic and postsynaptic elements. The data were obtained from two different cultures. The analysis was carried out by a investigator who was blind to the experimental conditions. To verify the reliability of the measurements, the effects of BDNF and NT-3 on the number of synaptic vesicles were con®rmed by a second investigator who was blind to the experimental conditions. The results of the two independent measurements were similar.
Presynaptic components
These included: (i) number of synaptic vesicles per synaptic ending; (ii) number of docked synaptic vesicles (docked vesicles are de®ned as synaptic vesicles in contact with the presynaptic membrane); (iii) size and area of the synaptic vesicles; and (iv) size and area of the synaptic endings.
Synaptic vesicles
Area and size were analysed in a total of 676 synaptic vesicles, including 181 for controls, 243 for BDNF-treated and 252 for NT-3-treated cultures. The size of the synaptic vesicles was calculated by measuring the major and minor axes of the vesicles. As there were no statistical differences between the lengths of the two axes, the area of the vesicles was calculated by considering the vesicles as circles.
Synaptic endings
Area and size of the synaptic endings were calculated in a total of 89 synaptic endings, including 24 for controls, 28 for BDNF-treated, and 37 for NT-3-treated hippocampal cultures.
Postsynaptic components
These included the length and thickness of the postsynaptic membrane. A total of 89 postsynaptic densities were analysed, including 24 for control, 28 for BDNF-treated and 37 for NT-3-treated cells.
The number of synaptic vesicles and the number of docked vesicles were directly counted. The rest of the parameters were obtained after tracing the synaptic terminals with the help of a digitizer Wacom tablet (Wacom Co., Japan) attached to a personal computer. Data were analysed using morphometry software (Neurolucida, Microbright®eld, Colchester, VT, USA). Statistical comparison (t-test, two sample assuming unequal variances) was performed using Microsoft Excel (4.0). Values are given as mean T SEM.
Electrophysiology
Experiments were conducted in cells grown for 2±4 weeks on glass coverslips. Patch-clamp recordings in the whole cell con®guration were employed to record spontaneous and evoked synaptic activity. The recording medium contained (in mM): NaCl, 130; KCl, 4; CaCl 2 , 2; MgCl 2 , 1; Hepes, 10; glucose, 10; at pH 7.4; osmolarity was adjusted to 310 mOsm with sucrose. The patch pipette contained (in mM): CsCl, 130; NaCl, 10; MgCl 2 , 2; EGTA, 0.2; NaATP, 1; Hepes, 10; at pH 7.2; osmolarity was adjusted to 290 mOsm with sucrose. Patch pipettes were manufactured from 1.5 mm O.D. glass (A-M Systems, Everett, WA, USA) and had a resistance of 3±5 MW. Series resistance was < 10 MW and was compensated by about 50%. Currents were recorded with an Axopatch 200B ampli®er, ®ltered at 3 KHz and digitized at 10 KHz using Axon Instruments hardware and software (Foster City, CA, USA). Afferent cells were stimulated with glutamate (1 mM, 10 psi, 5±10 ms) delivered by pressure through a glass micropipette (2 mm tip diameter). After whole-cell recording was established, cells were held at ±60 mV. Single or clusters of afferent neurons were then stimulated, and the presence or absence of evoked postsynaptic currents was recorded. Typically 4± 10 afferents were tested for each recorded cell. A measurement of synaptic connectivity was then obtained by calculating the ratio of afferents that elicited a response over the total number of stimulated cells in the ®eld surrounding the recorded cell. The ratio was then reexpressed numerically as the percentage of afferents connected to each cell recorded from. Averages per treatment were plotted and statistical signi®cance evaluated with Student's t-test. We preferred to use glutamate stimulation over electrical stimulation so as to maximize the chances of obtaining a postsynaptic response. In some experiments, 1 mM TTX was added to the external medium to block action potentials. The presynaptic terminals were then stimulated with 50 mL of a hyperosmotic sucrose solution (300 mM added to the regular recording medium) delivered manually, while miniature postsynaptic currents were recorded during 20-s bins. In some experiments, miniature synaptic currents were elicited by the drug a-latrotoxin (Alomone Labs, Jerusalem, Israel) applied by pressure at 1 mM concentration. Data were analysed for standard periods of 20 s each, recorded at 1 min after onset of osmotic stimulation, or 4 min after application of a-latrotoxin, using Axon Instruments software package. Each spontaneous event was also evaluated with specialized software (Jaejin Software, Leonia, NJ, USA) that allowed for their interactive detection. Their amplitudes and the time constant of decay were then measured to generate distribution histograms. t-tests for independent groups were used to evaluate the treatment effects.
Staining with FM1-43
Cultures were incubated for 20±30 s in a medium where 60 mM NaCl were replaced by an equimolar concentration of KCl, in which 20 mM of the¯uorescent membrane-soluble dye FM1-43 was dissolved. The cultures were washed extensively for another 4 min in a calcium-free normal extracellular medium, to prevent release of the captured dye. Images were taken on the stage of an inverted microscope equipped with epi¯uorescence optics and an Olympus 63Q, 1.2 water immersion objective. Cells were excited with 488-nm light and images were acquired with a PXL-37 Photometrics digital camera. The data were analysed using Metamorph software (Universal Imaging, Chester, PA, USA). Each image had the background intensity subtracted and was then displayed with 2Q zoom. Dots localized in the neuropil were identi®ed and counted by visual inspection. Random ®elds containing medium density dendrites but not somata were imaged and stored for analysis.
Results
Time course of neurotrophin actions
Control E16 cells grown in culture for 2 weeks lack functional synaptic connections unless they are exposed to neurotrophins (Vicario-Abejon et al., 1998) . It is important to test whether the effects of the neurotrophins are facilitatory, i.e. that the cells would eventually develop connections without the neurotrophins, or mandatory, i.e. that the presence of the neurotrophins is required for the formation of functional synapses. E16-derived neurons were maintained in culture for different periods of time and examined for the formation of functional connections (Fig. 1) . In control cultures, synaptic connectivity did not increase after 2 weeks in vitro: 12 T 4.2% connections were recorded at 2 weeks, 9 T 3.3% at 3 weeks and 11 T 8.1% at 4 weeks (n = 4 cultures, 10 cells per condition; Fig. 1A ). BDNF induced signi®cantly more connections after 3 weeks of exposure, compared to the 2-week exposure: 59.1 T 5% at 2 weeks (n = 15) vs. 75 T 5.1% at 3 weeks (n = 10). After 3 weeks of treatment with NT-3, synaptic connectivity was actually lower that with 2 weeks of treatment: 56 T 5.2% at 2 weeks (n = 10) and 30 T 6% at 3 weeks (n = 7; Fig. 1B ). These results show that hippocampal neurons remain in a differentiated but functionally unconnected state for 2±3 weeks unless they are exposed to neurotrophins.
The continuous presence of neurotrophins was required to maintain connectivity (Fig. 1) . Cells cultured for 2 weeks in the presence of BDNF or NT-3, and for another week without adding neurotrophins (on/off condition), had fewer connections than cells grown for 3 weeks in the continuous presence of neurotrophins. Connections were 59 T 5% for on/off vs. 75 T 5.1% for continuous BDNF (n = 6); 20 T 5.5% for on/off vs. 30 T 6% for continuous NT-3 (n = 7). Thus, in the E16-originated cells, the neurotrophins are required not only for the formation of functional synapses, but also for their maintenance.
These results suggest that E16 hippocampal cells differentiate into excitatory neurons that arrest in a state where morphological synapses are present but inactive. It is important to determine if this state is transient or long lasting. Active synapses were not detected even when the neurons were maintained for as long as one month in the absence of neurotrophins. When BDNF was added, synaptic connections were formed and maintained. The removal of BDNF led to a loss of connectivity among the cells tested. When NT-3 was used alone, connections were not as stable. When NT-3 was removed the proportion of connected cells approached the untreated condition. These results make clear that synaptic activation by neurotrophins is a robust event and this model is suitable for further analysis of the mechanisms of synapse activation.
Effects of BDNF and NT-3 on miniature synaptic currents
Miniature postsynaptic currents (mPSCs) can be used to determine the properties of unitary synaptic events (Katz & Miledi, 1965) . In a previous study we found that spontaneous miniature synaptic currents were more frequent in the neurotrophin-treated cells than in the control E16-derived cells (Vicario-Abejon et al., 1998) . To examine whether this difference re¯ects a difference in presynaptic release machinery rather than spontaneous vesicular contact with the presynaptic membrane, we stimulated mPSC formation by exposure of the cell to hyperosmotic medium, which causes a large increase in spontaneous PSCs. In response to focal pulse applications of hyperosmotic sucrose, in the presence of TTX (1 mM) and picrotoxin (50 mM) (Fig. 2) , very few events were detected in control cultures: 32.6 T 7 events in 20-s bins, recorded within 1 min after application of the osmotic stimulation (n = 16 cells from 6 cultures, Fig. 2A) . By contrast, the number of events found in BDNF-treated cultures was seven-fold higher, amounting to 245 T 47 events in 20-s bins (n = 14 cells in 6 cultures), and it was 16-fold higher in NT-3-treated cultures (521 T 38 events, n = 10 cells, 4 cultures; Fig. 2B and C) . Miniature excitatory postsynaptic current (mEPSC) amplitudes were larger in NT-3-treated cultures: 13.1 T 0.7 pA in NT-3 vs. 10.4 T 0.6 pA in controls (P > 0.05, t-test). The mEPSC amplitude of BDNF-treated cultures was similar to that in controls (10.9 T 0.17 pA). No differences were observed in the cumulative probabilities between the two neurotrophin treatments. The large increase in the frequency of mEPSCs is consistent with a presynaptic effect of neurotrophin treatment.
Neurotrophins induce responses to a-latrotoxin Responses to a-latrotoxin (a-LTX) have been shown to be mediated by two distinct presynaptic receptors, calcium-independent receptors, CIRL/latrophilin 1 (CL1), and neurexins (Krasnoperov et al., 1997; Sugita et al., 1999) . a-LTX triggers massive exocytosis within 3 min of bath application to cultured hippocampal neurons (Segal, 1995) . Here, we compared the effects of a-LTX (10 ms, 1 Hz pulses of 1 mM) delivered to the dendritic tree of a neuron that was voltage clamped at ±60 mV (Fig. 3) . Analysis of a-LTX-evoked mEPSCs was performed in 20-s bins after 3 min of drug application. In the presence of TTX (1 mM), picrotoxin (50 mM) and normal external calcium, control cells failed to respond to a-LTX (Fig. 3A) . Within 10 min of continuous application of a-LTX, no changes in the amount of synaptic noise were observed. In contrast, in cells from cultures treated with BDNF or NT-3, a-LTX triggered sustained synaptic activity and an increase in synaptic noise, probably due to an increase in release at remote synapses (Fig. 3A) . As shown in Fig. 3A , almost no events were observed in control cells (n = 8 cells from 8 cultures), while in BDNF-treated cultures, 590 T 10 events were elicited in 20-s bins, within 4 min after application of the drug (n = 12 cells, 12 cultures). As in the case of sucrose-elicited mEPSCs, a tendency for a larger number of events was also observed in NT-3-treated cultures: 681 T 16 events (n = 9 cells from 9 different cultures). These differences in mEPSC frequency between BDNF-and NT-3 treated cultures were statistically signi®cant (P < 0.01). mEPSCs amplitudes evoked by a-LTX were not statistically signi®cant: 11.4 T 0.1 pA in BDNF vs. 12.4 T 0.2 pA in NT-3. These results show that neurotrophins facilitate presynaptic a-LTX-triggered responses.
Neurotrophins enhance FM1-43 uptake into presynaptic terminals
The lack of reactivity to osmotic or a-LTX stimulation in control E16 cultures in the presence of normal postsynaptic response to the neurotransmitter substance (Vicario-Abejon et al., 1998) indicates that the neurotransmitter is not released from the terminals. We examined whether this might be caused by a lack of exo-and endocytotic mechanisms that recycle membranes in an active synaptic terminal. The¯uorescent membrane-soluble dye FM1-43 can be used to measure membrane turnover (Betz & Bewick, 1992; Ryan et al., 1993; Cochilla et al., 1999) . Because in our previous study (Vicario-Abejon et al., 1998) we did not ®nd differences in dendritic length or density in culture, or in capacitance measurements of the recorded cells, we imaged random ®elds containing dendrites and assumed that a putative difference in FM1-43 staining is not caused by dendritic density. As shown in Fig. 4 , the neurotrophintreated cultures showed ®ve-fold more FM1-43-labelled puncta than controls: control, 127 T 22 puncta per ®eld (n = 26 ®elds, 10 cells, 3 cultures) vs. BDNF, 532 T 27 particles per ®eld (n = 26 ®elds, 10 cells, 3 cultures) and NT-3, 595 T 21 particles per ®eld (n = 21 ®elds, 3 cultures).
Ultrastructural analysis of the effects of BDNF and NT-3
Electron micrographs of different synapses were analysed in control, BDNF-or NT-3-treated cultures to determine the structural effects of neurotrophins on the synapses. Previous analysis at the light microscope level of the number of dendritic spines or dendritic length showed no signi®cant differences between treated and untreated cultures (Vicario-Abejo Ân et al., 1998) . Presynaptic endings make synaptic contacts with dendritic spines (Fig. 5A , C and E), dendritic shafts (Fig. 5B, D and F) , or dendritic ®lopodia. There was no difference in the size of the synaptic endings between untreated and treated cultures ( Table 1 ).
The total number of synaptic vesicles and the number of docked vesicles increased after BDNF and NT-3 treatment
The number of synaptic vesicles and vesicles docked at the presynaptic membrane are indicative of synaptic maturation, and increase during development both in vivo and in vitro (Vaughn, 1989; Schikorski & Stevens, 1997) . In control cultures, the number of synaptic vesicles per terminal and the number of docked vesicles were low, with an average of 19.8 T 3.7 (mean T SEM) and 3.4 T 0.5, respectively (Table 1 ). The total number of vesicles per terminal was increased by 83% (36.3 T 4.0; P < 0.001) after BDNF and by 35% (26.7 T 3.3) after NT-3 treatment. Both BDNF and NT-3 produced signi®cant increases compared to control values (168 and 103%, respectively; P < 0.001), in the number of docked vesicles. This number was 9.1 T 0.5 in the BDNF-and 6.9 T 0.5 in the NT-3-treated cultures. In the neurotrophin-treated cultures, the numbers of total vesicles and docked vesicles were signi®cantly larger than in controls and in both cases the effect of BDNF was greater than that of NT-3. An increase in the size of synaptic vesicles in BDNF-and NT-3-treated cells Synaptic transmission could also be in¯uenced by vesicle size. Two orthogonal axes of synaptic vesicles were measured to determine the shape of each vesicle (Table 1 ). The length of both axes was similar, indicating that the synaptic vesicles were round ( Fig. 5; Table 1 ). The average diameter of control synaptic vesicles was 23.6 T 0.02 nm, whereas in the BDNF or NT-3 conditions this parameter increased to 28.6 T 0.006 nm (21%) and 32.3 T 0.007 nm (37%), respectively. In both cases, this difference was statistically signi®cant (P < 0.001).
In the presence of NT-3, the size of the synaptic vesicles was similar to that reported in cultures of neurons prepared from postnatal day 1 (P1) rat hippocampus (Schikorski & Stevens, 1997) .
Ultrastructural analysis of the postsynaptic effects of BDNF and NT-3
Many recent studies have de®ned components of the postsynaptic structures at synapses (Kim & Huganir, 1999) . The thickness but not the length of the postsynaptic apparatus has been described as increasing during development (Vaughn, 1989) . In our analysis, we did not ®nd any difference in the length of the postsynaptic specialization after BDNF or NT-3 treatment (Table 1 ). The average length of the postsynaptic membrane in untreated and treated cultures was 0.17±0.2 mm. This value was similar to those reported in vivo or in P1 hippocampal cultures (Vaughn, 1989; Schikorski & Stevens, 1997) . However, the thickness of the postsynaptic membrane was augmented by the neurotrophins (Fig. 5, Table 1 ). BDNF elicited the FIG. 4 . Neurotrophins enhance uptake of FM1-43 into the presynaptic terminals of E16 hippocampal neurons. Images are sample cases of control, BDNF-and NT-3-treated cultures. Bottom right, plots of the mean number of puncta per ®eld show that BDNF and NT-3 cause a ®ve-fold increase in dye uptake into the presynaptic terminals over control values (bars are SEM). Scale bar, 10 mm. more dramatic effect, producing an 81% increase in the thickness of the postsynaptic membrane (27.9 T 0.02 nm; control 15.4 T 0.1 nm). NT-3 also increased the thickness of the postsynaptic membrane but to a smaller degree than BDNF (31%; 20.2 T 0.2 nm). These increments were statistically signi®cant: P < 0.001 for BDNF-and P < 0.05 for NT-3-treated cultures. Table 1 for morphological analysis of the synapses. d, dendritic shaft; p, presynaptic; s, spine. Scale bar, 0.2 mm; insets, 0.1 mm.
Action potential discharges and activity of postsynaptic receptors are not required for neurotrophin-induced formation of functional synapses
The previous results suggest that neurotrophins act on pre-and postsynaptic mechanisms although changes in the postsynaptic membrane could be secondary to increases in neurotransmitter release. To directly determine if postsynaptic glutamate responses are required for the neurotrophin activation of synaptic transmission, E16 cultures were treated with neurotrophins in the presence of pharmacological agents that block presynaptic action potentials or postsynaptic reponses (Fig. 6) . After 11 days in culture, neurotrophins were added in the presence or absence of TTX (1 mM) or a cocktail containing TTX (1 mM), CNQX (2 mM), APV (50 mM) and nifedipine (2 mM). After 3 days of treatment, synaptic connectivity was measured in normal, drug-free medium with patch-clamp recordings of glutamate-evoked PSCs. In these cultures, 72-h treatment with neurotrophins induced a signi®cant enhancement of synaptic connectivity (Fig. 6A) : from 5 T 2% in controls to 52 T 6% in BDNF alone, and 57 T 7% in BDNF plus TTX (n = 22 cells, 7 cultures). Similarly, TTX failed to prevent NT-3 effects on connectivity: 67 T 6% and 65 T 4% without and with TTX, respectively (n = 9 cells, 4 cultures). Figure 6B shows the effects of TTX in combination with glutamate receptor antagonists and nifedipine. After 72 h of BDNF or NT-3 exposure, synaptic connectivity increased from 8 T 2% (n = 15 cells, 5 cultures) to 54 T 5% and 61 T 6%, respectively (n = 10 cells, 3 cultures). In the presence of glutamate antagonists, connectivity with BDNF and NT-3 was 59 T 5% and 58 T 4%, respectively (n = 8 cells, 3 cultures). The activity blockers made no difference to the connectivity induced by BDNF and NT-3.
Discussion
The formation of functional networks among neurons requires the maturation of several molecular complexes associated with release of neurotransmitters and their postsynaptic receptors. Two experimental models for studying synaptic development are the neuromuscular preparation (Sanes & Lichtman, 1999) and primary cultures of central neurons (Fletcher et al., 1994; Matteoli et al., 1995; Kim & Huganir, 1999) . These models have provided fundamental information on the steps involved in synapse development and maturation. Both pre-and postsynaptic elements have been detected in differentiating neurons FIG. 6 . Neurotrophins increase the density of synaptic connections in the presence of blockers of synaptic activity. E16-derived cultures were grown for 11 days and neurotrophins were applied alone or together with 1 mM TTX for an additional 3 days. BDNF or NT-3 alone increased the number of connections 10-fold, this effect was not prevented by the presence of TTX. (B) A pharmacological agent coctail (CTL) containing TTX (1 mM) the ionotropic glutamate receptor blockers CNQX (2 mM) and APV (50 mM), plus the L-type calcium channel blocker nifedipine (2 mM) did not prevent synaptic activation by BDNF or NT-3. Error bars are SEM. Values are mean T SEM. *P < 0.05, **P < 0.01, ***P < 0.001; n, total number of cases analysed.
as they extend axons (Matteoli et al., 1995) . Specialized presynaptic components such as calcium channels and the release apparatus are present before synaptic contact occurs and therefore, can mediate functional transmission immediately (Hume et al., 1983; Young & Poo, 1983; Basarsky et al., 1994; Fletcher et al., 1994) . After synaptic contacts are formed a series of protein interactions occur that modulate the composition of the postsynaptic components (Kim & Huganir, 1999) . Against this background, it is striking to ®nd that cells taken from E16 embryonic hippocampus do not develop functional connections, expressed as spontaneous or evoked synaptic activity, even after four weeks in culture ( Fig. 1 and Vicario-Abejo Ân et al., 1998). Depolarization evokes action potentials and direct application of glutamate depolarizes the cells but there is no connection between action potentials and postsynaptic responses. In contrast, cells taken from E18 embryonic hippocampus develop functional synapses spontaneously (Fletcher et al., 1994; Matteoli et al., 1995; VicarioAbejon et al., 1998) . BDNF and NT-3 promote the establishment of functional connections among E16-derived cultured neurons (Vicario-Abejon et al., 1998) . Induction of synaptic transmission by neurotrophins was independent of major morphological changes in the excitatory neurons that are the majority of cells in these cultures. The failure of E16-derived neuronal cultures to establish synaptic connections could be due to several factors that range from the expression to the maturation of neurotrophin release and signalling mechanisms. However, these results also suggest the possibility that the different geometry and biochemical context of these neurons growing in culture may play an important role in preventing functional synapse formation at that stage in development.
At the light microscope level, control and neurotrophin-treated cultures possess similar densities of synaptic pro®les de®ned as synapsin-I-positive boutons (Vicario-Abejon et al., 1998) . EM analysis extends the light level data showing that untreated cells have morphological synapses. This analysis shows that BDNF and NT-3 produce a signi®cant increase in the number of vesicles per terminal and a marked increase in the number of docked vesicles. During synaptogenesis, the number of total and docked vesicles is a parameter that consistently correlates with synaptic differentiation (Vaughn, 1989; Peters et al., 1991; Sanes & Scheller, 1997) . There is also a correlation between the size of the pool of docked vesicles and the probability of mPSCs (Murthy et al., 1997; Schikorski & Stevens, 1997) . A recent study suggests that synapses with higher rates of spontaneous mPSCs also possess higher rates of evoked release (Prange & Murphy, 1999) . Mice lacking BDNF or the neurotrophin receptors TrKB and TrKC show clear de®cits in the number of hippocampal synaptic vesicles (Martinez et al., 1998; Pozzo-Miller et al., 1999) . Our results show that neurotrophins increase the number of docked vesicles per terminal, the frequency of mEPSCs and the number of functional connections. They suggest that synapse activation by neurotrophins does not cause general changes in synaptic morphology but speci®cally increases the number of docked vesicles. The increased uptake of FM1-43 by neurotrophins can be a consequence of enhanced transmitter release because more exocytosis will lead to more endocytosis. The action of a-latrotoxin on treated cells suggests that neurotrophins activate the release system downstream of the calcium sensitive step. These results suggest that when docked vesicles are present in low numbers, a-latrotoxin cannot stimulate vesicle release. The effect of neurotrophins on a-latrotoxin responses is strong evidence for a change in the presynaptic release machinary induced by these growth factors.
Although action potentials are not required for general features of neuronal development (Harris, 1984; Verderio et al., 1994) , synaptic activity is thought to regulate the precise pattern of synaptic connections during development through the action of neurotrophins (Katz & Shatz, 1996; Catalano & Shatz, 1998) . Synaptic activity may normally mediate synapse development through a number of mechanisms. For example, the modulation of release in presynaptic boutons by cAMP in cultured postnatal hippocampal CA3±CA1 pyramidal neurons is in¯uenced by the activity of glutamate receptors (Ma et al., 1999) . Synaptic activity also regulates the distribution of glutamate receptors (NMDA, Rao & Craig, 1997; AMPA, O'Brien et al., 1998) and of the postsynaptic PSD-95 protein (Okabe et al., 1999) . The lack of an inhibitory effect of either TTX or glutamate receptor antagonists suggests that neurotrophins do not require action potentials or postsynaptic ionotropic receptors to activate synapses. This result shows that synaptic activation by neurotrophins can occur in the absence of postsynaptic responses or action potential invasion of the presynaptic terminal. They suggest that neurotrophins acting on the presynaptic terminal are suf®cient to induce a change leading to fast synaptic transmission. Recent work shows that orientation and ocular dominance columns can form in the visual cortex in the absence of retinal input (Crowley & Katz, 1999) . Our results suggest that mechanisms that control the action of neurotrophins could generate patterned synaptic connections without the necessity of synaptic activity.
